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In this study, aluminum-doped zinc oxide (AZO) thin films were deposited by DC magnetron
sputtering at room temperature. The distance between the substrate and target axis, and substrate
rotation speed were varied to get high quality AZO thin films. The influences of these deposition
parameters on the structural, optical, and electrical properties of the fabricated films were investi-
gated by X-ray diffraction (XRD), Raman spectroscopy, spectrophotometry, and four-point probe
techniques. The overall analysis revealed that both sample position and substrate rotation speed are
effective in changing the optical, structural, and electrical properties of the AZO thin films. We
further observed that stress in the films can be significantly reduced by off-center deposition and
rotating the sample holder during the deposition. An average transmittance above 85% in the
visible range and a resistivity of 2.02 103X cm were obtained for the AZO films. Published by
AIP Publishing. https://doi.org/10.1063/1.5012883
I. INTRODUCTION
Transparent conducting oxides (TCOs) are commonly
used as the front electrode for many microelectronic applica-
tions consisting of flat panel displays, light emitting diodes,
and thin film solar cells because they have excellent trans-
mittance in the visible wavelength and high electrical con-
ductivity.1,2 The function of the TCO layer in thin film solar
cells is to allow all wavelengths beneath the cut-off wave-
length to be transmitted to the absorber layer and allow elec-
trical conduction to the contact grid.3 Fluorine-doped tin
oxide (FTO), indium-doped tin oxide (ITO), and highly
doped ZnO, namely, with gallium (GZO), aluminum (AZO),
or boron (BZO) are the most widely used TCO materials in
thin film solar cells.4 Among them, doped ZnO has gained a
lot of attention owing to its advantages including low mate-
rial cost, high band gap, non-toxic nature, and high transpar-
ency.5,6 Particularly, among the ZnO-based materials,
Al-doped ZnO (AZO) thin films are currently the most used
materials for making transparent conducting electrodes
because of their relatively low electrical resistivity and high
optical transmittance.7 Many deposition techniques such as
pulsed laser deposition (PLD),8 chemical vapor deposition,9
and sputtering10 can be employed for the deposition of AZO
thin films. A high deposition temperature above 300 C is
necessary to get a desired TCO property in most of these
methods since higher temperature provides an improvement
in the crystallinity of the thin films.11,12 On the other hand,
higher temperature generates many defect states due to
increased interfacial diffusion and results in a high charge
carrier recombination rate.11 Therefore, a room temperature
(RT) deposition is required to prevent the diffusion between
the solar cell layers.13 However, it is still difficult to achieve
high electrical conductivity and high transmittance simulta-
neously at RT for AZO films. It is suggested that the electri-
cal properties of AZO thin films fabricated by magnetron
sputtering at low deposition temperature are strongly
affected by the deposition conditions and exhibit a resistivity
inhomogeneity across the substrate.14,15 The effect of off-
center deposition on the optoelectronic properties of the
AZO films fabricated by the magnetron sputtering method
have been investigated.16 However, to the best of our knowl-
edge, the effect of both substrate rotation speed and off-axis
deposition on the structural, optical, and electrical properties
of AZO thin films grown by DC magnetron sputtering at RT
is still lacking.
II. EXPERIMENTAL
A transparent conductive AZO layer was deposited onto
soda-lime glass (SLG) substrates by DC magnetron sputter-
ing from 2-in. ceramic targets of ZnO:Al2O3 [(98wt. % ZnO
and 2wt. % Al2O3)] at RT. The target was pre-sputtered for
5min. Deposition was performed with a DC power of 50W
and 50 sccm argon gas flow for 120min. During the deposi-
tion, the working pressure was in the range from 3 to 5
mTorr. The vertical distance between the target and the sub-
strate holder was 8 cm. The sample holder was rotated with
different speeds around the center of the chamber by rota-
tional feedthrough during the deposition to investigate the
influence of substrate rotation speed. As shown in Fig. 1,
SLGs were located onto the rotating sample holder both just
above the target (position 0) and in off-center configurations
(position 1 and 2) to investigate the effect of the horizontal
distance between the target center and substrate on the prop-
erties of AZO films.
a)Author to whom correspondence should be addressed: fulyaturkoglu@
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To obtain information about the crystal structures of
the AZO films, X-Ray Diffraction (XRD) was carried out
in the Bragg-Brentano focusing geometry on a Phillips
X’Pert Pro X-Ray diffractometer, with Cu Ka radiation
(k¼ 1.5406 A˚). The XRD patterns were recorded from 2h
¼ 20–80 with a step size of 0.016 for all samples. A
Veeco DEKTAK 150 profilometer was used to determine
the thicknesses of the films. The thicknesses of the films
are given in Table I. The optical properties of the AZO
films were investigated by transmittance measurements in
the 200–2600 nm wavelength range using a PerkinElmer
Lambda 950 UV/VIS/NIR spectrophotometer. Raman
studies were performed using High-resolution Raman
spectroscopy (Princeton Instruments, Acton SP2750
0.750mm Imaging Triple Grating Monochromator) in the
back-scattering mode with a spectral resolution of 1 cm1
at room temperature. A wavelength of 488 nm Ion-Arþ
was used with a 100 mW power. The electrical character-
istics of AZO thin films were investigated to determine the
sheet resistance of the films by the four-point probe tech-
nique using a Keithley 2420 source meter. The resistivity
values of the films were obtained by multiplying the cali-
bration constant (4.53), thickness, and sheet resistance of
the films.
III. RESULTS AND DISCUSSION
A. XRD analyses
Crystallinity plays an important role in determining the
optical and electrical properties of a thin film. Figure 2
shows the X-ray diffraction patterns of the AZO films depos-
ited with different rotational speeds at different distances
from the target axis. At all rotational speeds, the diffraction
peak of AZO thin films appears at approximately 34.3
degrees which belongs to (002) reflection of the hexagonal
wurtzite structure. This shows the formation of highly ori-
ented grains along the c-axis due to self-texturing. We
observed lower 2h values for the AZO films with respect to
bulk ZnO which has a diffraction line at 34.5. While there is
a small shift in 2h values for the AZO films placed in posi-
tions 1 and 2, for the AZO films placed on the 0 position, the
2h shifts to more lower values and crystallinity deteriorates
indicating a high degree of disorder.17
It is known that the (002) reflection peak of the AZO
thin films shifts towards a lower or higher 2h values with
respect to bulk ZnO.18 Al can substitute at the Zn sites or
create oxygen vacancies after sitting as an interstitial atom.
When Al is incorporated into the ZnO lattice, the AZO lat-
tice is distorted due to the difference in the ion radius
between Al3þ (0.039 nm) and Zn2þ (0.060 nm).19 If the Al3þ
ions substitute at the Zn2þ sites, the AZO crystal lattice con-
stants are reduced. This leads to smaller interplanar spacing
(ds) and 2h shifts to higher values according to Bragg’s law.
Moreover, Al can easily be interstitially solubilized in the
ZnO octahedral site since the ratio of the atomic radius of Al
to the atomic radius of ZnO ((rAl/rZnO)¼ 1.180 A˚/
1.625 A˚¼ 0.726) is lower than the maximum value for inter-
stitial solubilization (0.732).19 Since the AZO films grown at
room temperature do not have sufficient activation energy
for the Al to substitute at the Zn sites, many of Al3þ ion cati-
ons sit in the films as an interstitial ion which leads to higher
interplanar spacing.19,20 The variation of the 2h values and
interplanar spacing derived from the (002) peak position can
be seen in Table I. For all films, ds values are larger than that
of bulk ZnO which is equal to 0.2603 nm which indicates
that all the films exhibit compressive stresses and the stress
FIG. 1. Sample positions on the rotating sample holder.
TABLE I. Variation of the thickness, deposition rate, (002) peak positions, d spacing, strain, stress, resistivity, and energy gap values of AZO thin films with
different positions on the sample holder and rotation speed.
Rotation
speed (rpm)
Sample
position
Target to substrate
distance (cm)
Thickness
(nm)
Deposition rate
(nm/min) 2h
d spacing
(A˚) Strain Stress (GPa)
Resistivity
(103 X cm) Eg (eV)
0.0 0 0.0 600 6.67 33.76 2.66 0.0191 4.27 272 3.185
0.0 1 5.0 450 5.00 34.20 2.62 0.0065 1.44 5.30 3.410
0.0 2 6.5 250 2.78 34.31 2.61 0.0033 0.73 4.47 3.682
3.3 0 0.0 230 2.56 33.70 2.66 0.0209 4.66 208 3.317
3.3 1 5.0 182 2.02 34.32 2.61 0.0029 0.65 3.13 3.620
3.3 2 6.5 142 1.58 34.36 2.61 0.0018 0.39 3.02 3.721
6.3 0 0.0 190 1.58 33.71 2.66 0.0207 4.63 55.90 3.356
6.3 1 5.0 165 1.38 34.31 2.61 0.0034 0.75 3.06 3.647
6.3 2 6.5 135 1.13 34.36 2.61 0.00210 0.47 2.02 3.745
12.0 0 0.0 218 2.42 33.78 2.65 0.0185 4.13 198 3.317
12.0 1 5.0 172 1.91 34.32 2.61 0.0030 0.67 4.30 3.570
12.0 2 6.5 123 1.37 34.38 2.61 0.0012 0.26 4.12 3.768
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is caused predominantly by the interstitial Al3þ. Moreover,
as the distance between the substrate and the target axis
increased, the shift in 2h values decreases.
The oxygen atoms at the surface of the AZO target are
ionized and accelerate towards the substrate during the
sputtering. These negative oxygen ions are neutralized dur-
ing their transits. However, they can reach the substrate
with sufficient energy to be implanted. When the sample is
placed away from the target, sputtered particles and argon
ions collide frequently, and their energy is reduced while
traveling to the substrate. Therefore, direct bombardment
of the high energetic negative ions is significantly reduced
by the off-center configuration. When the sample placed in
front of the target, the energetic sputtered particles arrive
at the substrate with high kinetic energy due to decrement
in the number of collisions between sputtered particles
and argon ions.19 The high energetic oxygen ion bombard-
ments produce more defect like inter-stresses21
Furthermore, direct bombardment of high energetic O
atoms on the surface may possibly combine with Al atoms
to form aluminum oxides and limit the doping effect.21,22
Formation of these defects and phases leads to a more com-
pressive stress in the film.
The total residual stress in the thin films consists of the
intrinsic stress induced by the doping and defects during the
fabrication process and, the extrinsic stress induced by dif-
ferent lattice constants and thermal expansion coefficients of
the thin film and its substrate.23 Since no heat treatment was
applied to the films during sputtering, the differences in the
residual stress of our AZO films is mainly intrinsic stress
resulting from growth conditions.
The stress in the films can be estimated using the follow-
ing formula, which is valid for a hexagonal lattice
rXRDfilm ¼
2c213  c33 c11 þ c12ð Þ
2c13
 cfilm  cbulk
cbulk
; (1)
where cij is the elastic stiffness constant of single crystalline
ZnO (c11¼ 208.8, c33¼ 213.8, c12¼ 119.7, and c13
¼ 104.2GPa).24 cfilm and cbulk are the lattice constants of the
AZO films and bulk ZnO thin films, respectively. This yields
the numerical relation between the in-plane stress and out-
plane strain, rfilm ¼ 223*e (GPa). The strains in the films
were derived using the relation ((ds-d0)/d0), where d0 is the
inter-planar spacing of bulk ZnO. The estimated strain and
stress values of the AZO films are shown in Table I. Positive
FIG. 2. X-ray diffraction patterns of AZO films deposited with (a) 0 rpm, (b) 3.3 rpm, (c) 6.3 rpm, and (d) 12 rpm rotating speeds at different distances from the
target axis.
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values of strains indicate the tensile strain and negative val-
ues of stresses indicate the compressive stress in our AZO
films. Figure 3 shows how the position of the substrate and
rotation speeds affect the stress in the films. According to
this figure, the stress in the films decreases when the sub-
strate position with respect to the target axis increases.
Moreover, we observed small reduction of the stress in the
films with increasing rotation speed. As given in Table I, the
deposition rate for stationary samples is much higher than
the deposition rate for rotating samples. According to deposi-
tion rates, when the substrate is rotating, the duration of
the substrate residence in front of the target decreases.
Therefore, sputtered particles and argon ions collide more
frequently with increasing rotation speed, and the energy of
sputtered species is reduced before reaching the substrate.
Stationary samples are more exposed to direct bombardment
of high energetic negative ions due to the high energy of
sputtered species. From these findings, the bombardment of
highly energetic negative ions on the surface can be con-
cluded and so stress in the films can be significantly reduced
by off-center deposition and rotating the substrate during the
deposition.
B. Raman analyses
Since Raman scattering by the phonons is determined
by the electrons that remote the scatter phenomenon, Raman
spectra contain information not only about phonons but
also about electrons and electron-phonon interactions.25
Therefore, Raman measurements were performed to better
understand the correlation between the structural and electri-
cal properties of the AZO films. Figure 4 shows the Raman
spectra of AZO films excited at 488 nm. Raman spectra con-
sist of two Raman active modes around 446 and 582 cm1.
The Raman modes at 800 cm1 are due to the SLG substrate.
The observed Raman modes are assigned as follows. The
peak at 446 cm1 is the E2 (High) mode of ZnO associated
with the wurtzite structure and is related to vibration of only
oxygen atoms.26 It is worth noting that the E2 (High) mode
shifts higher frequencies (blue shift) for all samples, which is
generally observed around 437–444 cm1. E2 (High) phonon
frequency is affected by stresses in the wurtzite structure or
laser induce heating.27,28 The blue shift in the E2 (High) is
attributed to compressive stress, whereas the red shift in the
E2 (High) is attributed to tensile stress. However, the peak
position of the E2 (high) mode remains the same for all AZO
films even for the samples in position 0. Thus, we attributed
observed a blue shift to local heating induced by UV laser.
The vibration line around 582 cm1 corresponds to the E1
(LO) mode of ZnO, which is very sensitive to the oxygen
deficiency and free carrier.29–31 Strong coupling of the free
carrier with the E1 (LO) mode would cause a red shift.
31 We
observed that the position of the E1 (LO) mode strongly
depends on the position of the sample and rotation speed.
For distant samples, this peak shift to lower values regardless
of the rotation speed and as the distance between the sub-
strate and target axis increased, the amount of shift increases.
Also, as it can be seen when the substrate is rotated during
deposition, the amount of shift is higher with respect to non-
rotating substrates. Increase in the red shift of the E1 (LO)
vibration line indicates the enhancement in oxygen vacancies
in our samples as the horizontal distance between the sub-
strate and target axis is increased and/or substrate is rotated.
We may also attribute this shift to the increasing carrier
concentration of the films since the sheet resistance of AZO
thin films fabricated at room temperature strongly related to
the amount of oxygen vacancies.30 The oxygen vacancies
create maximum two free electrons per vacancy to the donor
level through ionization, leading to an increase in conductiv-
ity. A quantitative comparison of the peak intensities may
not be meaningful due to different thicknesses of the films.
C. Transmission analysis
Figure 5 illustrates the transmittance spectra of our AZO
films. As can be seen, the average transmittance of all AZO
films in the visible region (400–800 nm range) exceeds 85%
which is important for applications in the field of solar cells.
The absorption edge of the samples (sharp decrease in trans-
mittivity) was observed in the range from 300 to 400 nm. We
observed that the absorption edge shifts to shorter wave
lengths as the distance between the substrate and target axis
increased. This blue shift can be attributed to an increase in
the band gap energy resulting from the Burstein-Moss effect
which is related to the carrier concentration. That is, with
increasing distance between the substrate and target axis, the
optical band gap of the films grows due to increased carrier
concentration and causes the absorption edge to shift to short
wave lengths. Moreover, we observed that transmission of
the samples located in off-center configurations (positions 1
and 2) is lower than the samples located above the target
(position 0) in the infrared region. The concentration of free
carriers is important for the optical transmission of AZO
films in the near infrared region. A high free carrier concen-
tration causes high reflection or lower transmission of the
infrared region.32
The Tauc method was used to calculate the energy gap of
the samples to better understand the blue shift of the absorption
edge. In the present study, the absorption coefficient, a2 versus
photon energy (h) plot was used to estimate the bandgap
FIG. 3. Effect of position of the substrate and rotation speed on the stress in
the films.
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energy of the AZO thin films (Fig. 6). Absorption was calcu-
lated by the equation
T  R ¼ eat; (2)
where T and R denote the transmittance and reflectance,
respectively, and t is the thickness of the film. The reflec-
tance of the films was neglected due to its relatively low
value,31 and then the absorption coefficient was simplified as
a2 ¼ lnTð Þ2=t2: (3)
Since aluminum doped zinc oxide has a direct transition, i.e.,
ah ¼ A h  Egð Þ1=2; (4)
the bandgaps of the films are deduced from the extrapolation
of the linear plots of a2 versus h.
Figure 6 shows the a2 vs photon energy graph of AZO
films coated at different rpm and at different distances from
the target axis. The change in the energy band gap of AZO
films deposited at different rpm and at different distances
from the target axis is clearly visible in Fig. 7(a). We
observed that the optical energy gap shifts towards higher
energies for the samples deposited at larger distances from
the target axis (in a position sequence 0–2) regardless of the
rotating speed. As mentioned before, increase in the energy
band gap can be interpreted by the Burstein-Moss effect
results from the Pauli Exclusion Principle. Donor electrons
due to Al or oxygen vacancies normally occupy the higher
energy levels in the conduction band. As a result, the effec-
tive band gap (Eg) of an AZO film should be relatively
higher when compared to the separation in energy between
the top of the valence band and the unoccupied energy states
in the conduction band of this direct band gap semiconduc-
tor. Consequently, band gap moves to higher energy. The
widening in the band gap (Burstein–Moss shift) is dependent
on the carrier concentration, n, according to n2/3. The reason
for the low band gap of the samples in position 0 is to have
low carrier concentrations due to high compressive stress, as
the stress relaxes for the samples in position 1 and 2 carrier
concentrations and so the band gap of the samples increases.
Moreover, as the sample holder rotational speed increases,
the band gap increases regardless of the sample position indi-
cating increase in carrier concentrations. On the other hand,
FIG. 4. Raman spectra of AZO films deposited at (a) 0 rpm, (b) 3.3 rpm, (c) 6.3 rpm, and (d) 12 rpm.
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it is further observed a small decrease in band gap occurs for a
high rotation speed (12.0 rpm). Such a red-shift of the optical
band gap of AZO thin films has been explained in terms of
relaxation of in-plane stress by Mohanty et al.33 According to
their observation, the positive shift in Eg is well predicted by
the BM effect for moderate values of carrier concentrations up
to the Mott critical density. For higher carrier concentrations
above the Mott critical density, the BM effect is compensated
by band gap shrinkage. Shallow level donor and shallow level
acceptor impurities create energy levels in the band gap near
the conduction band edge and the valence band edge, respec-
tively. At high carrier concentrations, the density of states of
these dopants increase and forms a continuum of states like in
the bands and the effective band gap of AZO is narrowed.
From these observations, we conclude that the carrier concen-
tration of the films increases for off-center configurations and
rotating samples during deposition since defects induced by
the bombardment of high energetic negative ions are signifi-
cantly reduced for these samples.
D. Electrical properties of AZO thin films
The electrical property of AZO films is also an impor-
tant factor for its performance in devices. Figure 7(b) shows
the resistivity values measured by the four-point method ver-
sus the sample holder rotation speed for AZO thin films
coated at positions 1 and 2. The films in position 0 have not
been investigated because their resistivity values are very
high. According to the XRD, strong enhancement of the
resistivity for the substrate position facing the target is due to
the high compressive stress in the films. Raman spectroscopy
and Transmission measurements also indicate the low carrier
concentrations for the films in position 0. For the off-center
configurations, lower resistivity of AZO thin films can be
correlated to the amount of donors, mainly oxygen vacancies
and Al interstitial atoms which supply conduction electrons
from donor sites. It has been observed that the resistivity of the
films in position 2 is lower than those in position 1 regardless
of the rotation speed. This behavior attributed to higher carrier
concentrations for the films in position 2, and this attribution
seems consistent with the XRD, Raman, and Transmission
data. We further observed that as the sample holder rotation
speed increases, resistivity decreases regardless of the sample
position. On the other hand, a small increase in resistance at
12.0 rpm may be attributed to the likelihood of higher carrier
concentration. The lowest resistivity value was found to be
2.02 103 X cm for the AZO film in position 2 rotating at
6.3 rpm. As seen in Fig. 7, the change observed in the band
FIG. 5. Transmittance spectra of AZO films deposited at (a) 0 rpm, (b) 3.3 rpm, (c) 6.3 rpm, and (d) 12 rpm.
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gap of the AZO films is in a perfect agreement with the charge
carrier properties, as the band gap of the samples increases, the
resistivity values of the films decreases due to the increment of
carrier density in films.
E. Conclusion
In this work, we investigate the effect of both substrate
rotation speed and off-axis deposition on the optical and elec-
trical properties of AZO thin films grown by DC magnetron
FIG. 6. Tauc plots of AZO films deposited at (a) 0 rpm, (b) 3.3 rpm, (c) 6.3 rpm, and (d) 12 rpm.
FIG. 7. (a) Energy gap values versus the sample holder rotation speed for AZO thin films at different positions on the sample holder and (b) resistivity values
measured by the four-point method versus the sample holder rotation speed for AZO thin films coated at positions 1 and 2.
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sputtering at RT. XRD, Raman, and Transmission measure-
ments revealed the correlation between the structural, optical,
and electrical properties of the AZO films depending on the
growth conditions. We demonstrate that the crystallinity and
resistivity of the AZO films fabricated at RT can be improved
by both off-center deposition and rotating the sample holder
during sputtering. An average transmittance above 85% in the
visible range (400–800 nm) and a resistivity of 2.02 103 X
cm were obtained for the AZO films deposited at 6.5 cm away
from the target axis and rotating at 6.3 rpm. Since RT deposi-
tion of AZO thin films prevents the diffusion between the
solar cell layers, the results presented here may help us to
achieve thin film solar cells with higher efficiencies.
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